Non-polar capillary columns for GC/MS are widely utilized in the analysis of additives for food contact materials. Though various kinds of non-polar capillary columns are commercially available, the equality of their performance has not been verified. Herein, ninety-six additives for food contact plastics were analyzed using fifteen kinds of columns, and the peak separation, retention times, and peak areas of each additive were compared. The additives, with various chemical properties, comprised forty four plasticizers, twenty lubricants, twenty antioxidants, nine ultraviolet absorbers, and three other compounds. 10 μg·mL −1 test solutions were prepared in acetone, and injected to the GC/MS. The fifteen columns were classified into five categories based on the chromatogram pattern and peak separation. To facilitate comparison of the retention time and detection sensitivity of the columns for the additives, the relative retention time (RRT) and relative peak area (RPA) were calculated by using dibutylphthalate or 4-tert-butylphenylsalicylate as an internal standard. The RRTs of the additives on each column were essentially similar. However, the RRT of the additives which were detected in the later stages differed slightly. Although the RPA of the plasticizers and lubricants were roughly similar, column-to-column differences were observed for certain additives, such as antioxidants and ultraviolet absorbers. Furthermore, certain fatty acids, antioxidants, two plasticizers, and two benzophenone type ultraviolet absorbers were not detected in the chromatograms of two columns.
Introduction
Gas chromatography/mass spectroscopy (GC/MS) is used world-wide as an analytical method for screening, identification, and quantification of various chemicals. GC/MS analysis is particularly suitable for identification and quantification of chemicals used for food contact materials. Quantification of the residual or migration levels of such chemicals is important for safety assurance and specification testing for national regulatory purposes. Recently, the quantification of plasticizers, antioxidants, alkyl phenols, and benzophenones has been reported using certain simultaneous analytical methods employing a non-polar capillary column [1] [2] [3] [4] [5] . In these reports, various non-polar columns such as HP-5MS, DB5-MS, and TRB-5MS were used based on the author's selection. The most commonly used non-polar capillary column is the 5% diphenyl polysiloxane/dimethyl polysiloxane phase type. However, various non-polar columns made from several materials, such as the phenyl-arylene/imethyl polysiloxane phase and siloxane-carborane phase type are commercially available and used in GC/MS analyses. Furthermore, certain columns have also been developed for high temperature analysis. The characteristics of the columns vary widely depending on the technique of the manufacturers. Column catalogues provide comparisons of the performance of competitors. However, to date, these performance comparisons have not been verified.
Herein, ninety six additives used for food contact plastics were selected from the analytes studied in our previous reports [6] [7] [8] [9] [10] or from the positive list of EU [11] , and a mixture of these chemicals was analyzed via GC/MS. The peak separation, the retention time, and the peak area of each additive were analyzed. Based on comparison of the performance parameters of fifteen columns, the equality of commercially available non-polar columns is verified herein. The properties of these columns are compared based on analysis of additives used for : Accurate length = (diameter × 3.14 × number of rolls) + margin length.
Co. Inc. Co. (Tokyo, Japan), and Sigma Aldrich, Japan (Tokyo, Japan), comprising forty-four plasticizers, twenty lubricants, twenty antioxidants, nine ultraviolet absorbers, and three other compounds. These standards were chosen to be representative of typical additives for food contact plastics. Detailed specifications of the additives are listed in Tables 2 and 3.
Preparation of Test Solution
Each stock solution was prepared by dissolving 20.0 mg of standard in 20 mL of acetone or dichloromethane (1 mg·mL
−1
). Test solution A was prepared by mixing 1 mL of each stock solution of the plasticizers and three others, followed by dilution to 100 mL with acetone (10 μg·mL −1 ). Test Solution B was prepared by mixing 1 mL of each stock solution of lubricants and antioxidants and ultraviolet absorbers, followed by dilution to 100 mL with acetone (10 μg·mL −1 ).
GC/MS Conditions
GC/MS analysis was carried out on an Agilent Technologies 7890 GC coupled to a 5975 C mass selective detector (MSD). Injections (1 μL) were made in splitless mode via a 7693 autosampler. The column temperature was programmed to increase in increments of 20˚C min −1 from 50˚C to 320˚C, at which point the temperature was held for 20 min. The GC injection temperature was 250˚C and the transfer line temperature was 280˚C. Helium was used as the carrier gas at a flow rate of 1.0 mL min −1
. The MSD was operated in scan mode, scanning from m/z 40 to 800 using electron impact ionization at 70 eV. Tuning was performed in DFTPP tune mode.
Measurement and Data Analyses
Test solutions were injected three times each per column. The peak separation and column classification were based on comparison of the total ion chromatogram patterns. Retention times and peak areas of quantitative ions were obtained from each chromatogram. When an additive was detected as multi-peaks, the retention time of the highest peak was used for analysis. The relative retention time (RRT) and the relative peak area (RPA) were calculated by using dibutylphthalate (A17) in test solution A or 4-tert-butylphenylsalicylate (B47) in test Solution B as an internal standard. the chromatogram pattern and separation of fifteen peak groups (peak Groups 1-8 in test Solution A, and peak Groups 9-15 in test Solution B) in the analyses of the additives, the fifteen columns were classified into various categories (Classes I-V, Table 4 ).
columns in Class II were further classified into Class IIa and Class IIb based on the separation pattern of peak Groups 1, 5, 7, and 14. Class III contained two columns. The TIC showed clear separation of the peaks in Groups 1-5, 7, 8, 11, 13, and 15. However, only the chromatogram pattern obtained using the 007-5MS column which contains a phenyl-arylene/dimethyl polysiloxane phase, was different from that of Classes II and III. Most of the peaks in the chromatogram of from this column appeared to be sharper than those obtained with the other columns. Furthermore, five additives such as fatty acids (B10-13) and a phenol type antioxidant (B32) could not be detected using the 007-5MS column. Therefore, the 007-5MS column was classified into Class IV. Class I contains six columns which are 5% diphenyl polysiloxane/dimethyl polysiloxane phase type columns. Complete separation of the peaks in Groups 3, 6, 8, 10, and 11 was achieved in the total ion chromatograms of Class I, whereas the peaks in Groups 1, 7, and 15 were not separated. However, there were certain differences in the separation of peak Groups 2, 5, 12, and 14. In particular, among the Class I columns, the chromatogram obtained using the Rxi-5HT column was slightly different from those using other columns in terms of the separation pattern of peak Groups 4 and 9.
The HT5 column is a siloxane-carborane phase type column. This column was classified into Class V. The chromatogram pattern obtained with this column was different from those obtained using the other columns. Thirteen kinds of additives, comprising two plasticizers (A11 and A42), six antioxidants (B24, B31, B32, and B34-36), two benzophenone type ultraviolet absorbers (B41 and B43), and three others (A45-A47) could not be detected in the chromatogram.
The chromatogram patterns obtained using the phenyl-arylene/dimethyl polysiloxane phase type columns were different from those of the other columns, thus, the columns were divided into Classes II to IV. Class II contains five columns. The chromatograms obtained with these columns showed clear separation of the peaks in Groups 4, 8, 9, 10, 11, 12, and 14, whereas the peaks in Groups 3 and 6 were not separated. The five 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15   A1  A2  A4  A16 A32 A19  A8  A11  B11 B6  B7  B1  B3  B4  B30   A12 A13 A15 A46 A33 A43  A9  A20  B24 B17 B8  B9  B19  B5  B37   A36  A34  A21 A26  B13 B18 B25 
Comparison of Retention Time
The accurate lengths of all of the columns were determined to be between 15 m and 16.5 m ( Table 1) . The inner diameters and film thickness were not measured; these may vary depending on the column products as well as length. These differences should affect the retention times of the additives. Therefore, the relative retention times (RRTs) of the additives during the analyses using the columns were compared. Dibutylphthalate (A17) and 4-tert-butylphenylsalicylate (B47) are chosen for use as internal standards in test Solutions A and B, respectively, given that these substances were detected in the approximate middle of the additives detected in all of the chromatograms, and did not overlap with the peaks of other additives in the chromatograms. Analysis of the additives using the Inert Cap column were performed using three lots of the column having different serial numbers. The obtained analytical data were used as an index of reproducibility for instrumental conditions, internal standard correction, and lot-to-lot variation.
The RRT of the typical columns and coefficient of variation (CV) using three lots of Inert Cap, Class I, Class II, and all fifteen columns are shown in Tables 5  and 6 .
The RRT of the additives were not significantly different. However, in the case of certain additives with similar retention times, the order of detection changed from column to column. The CV of the RRTs of the additives using the three lots of Inert Cap products were 0.1% -0.9%, and were mostly below 0.5%. The results suggest that there were no differences in the instrumental conditions of this study. The additives detected in the early stage (RRT < 0.75) and middle stages (RRT = 0.75 − 2, approximate retention time of 5.6 -15 minutes) had largely similar RRTs, irrespective of the columns, and their CVs were low (0.2% -1.9%). However, the RRTs of the additives detected at the later stage (RRT > 2) varied widely. Thus, CVs appear to be high (3.2% -6.3%). This later stage corresponds largely to the maximum emperature (320˚C) holding period in the column temt perature control program. These results suggest that the RRTs of the additives detected during the heat-up period in the column temperature control program were similar for all columns, however, the RRTs of the additives detected during the holding period varied depending on the column. The CVs of the RRTs of the additives assayed using the Classes I and II columns were significantly lower than those of all fifteen columns. In particular, the CVs of the additives detected in the middle stage (RRT = 0.75 − 2) were similar to those obtained using the three lots of Inert Cap. Slight variation of the RTTs and the order of detection of certain additives were observed using the Classes III-V columns. Specifically, some additives were not detected on the 007-5MS and HT5 columns.
Given that the RRT of most of the additives was similar in the analyses using the fifteen columns, the properties of these columns are deemed equivalent in terms of the retention time of the additives. Therefore, for identification assay via GC analysis, these columns are deemed to be compatible with each other. Specifically, the eleven kinds of columns, classified into Classes I and II, exhibit largely equivalent performance. On the other hand, for analysis of the additives using the four kinds of columns classified in Classes III-V, the column identity might be important in terms of the detection order, and the physiochemical properties or structure of the analytes.
Comparison of Sensitivity
The detection sensitivity of the columns for the additives was analyzed based on the relative peak areas (RPAs) of the additives to the peak area of the internal standard. However, the data for twenty-two additives could not be compared because their RPA was small (less than 0.1) and because some additives were detected as multi-peaks. The RPAs and corresponding CVs for each additive are shown in Tables 7 and 8 . To determine the effects of the inevitable basic conditions of the instrument, such as contamination in the injection port or ion source, column fixing or MSD tuning, etc., the analyses were performed using three lots of Inert Cap columns as well as performing the retention time comparisons.
In the case of the three lots of Inert Cap columns, the CVs of the RPA were less than 10%. However, for the analyses of the thirteen kinds of additives, such as A25, A27, A31, B4, B10, B11, B17, B19, B22, B24, B25, B28, and B40, the CVs were larger than 10%. The lubricants and antioxidants were strongly influenced by the inevitable basic conditions of the instrument.
The CVs for the analyses of the additives using all columns were mostly below 20%. However, the CVs for fourteen additives, such as A25, A31, A45, B4, B22, B23, B27, B28, B36, B37, B40, B42, B43, and B46, were larger than 20%, and these additives were mainly antioxidants or ultraviolet absorbers. The sensitivities towards these additives varied based on the type of column. The RPAs of a number of additives obtained using the 007-5MS and HT5 columns were significantly different from those obtained with other columns.
For the analysis using the HT5 column, the RPAs of nine plasticizers (A2, A4, A8, A12, A13, A32, A33, A34, and A43) were significantly lower than that achieved with the other columns, although the RPA of A25 was relatively high. The RPA of the amide type lubricants (B1-B5) were relatively low when Class IIb columns were used, but were notably high for the analyses using the 007-5MS and HT5 columns. Furthermore, the RPAs of the hydrocarbons (B14-20) were slightly high when the 007-5MS column was used for analysis. Most of the antioxidants and ultraviolet absorbers were detected at low levels using HT5. Although the RPAs of the antioxidant B37 were high when the DB-5HT and ZB-5HT columns were used, these values were low when the Rxi-5, Inert Cap, CP-Sil, VF-5ms, and TR-5MS columns were used. The RPAs of six antioxidants (B25-28, B31, and B40) and an ultraviolet absorber B41 were high using the DB-5HT and ZB-5HT columns.
The maximum/minimum ratio (Max/Min) of the RPAs was less than 2 for the plasticizers and lubricants, except for the fatty acids (B10-12). Therefore, the limit of determination or detection for these additives using an internal standard method would be similar, even if the analyses were performed using columns other than those specified in the published analytical methods. However, the Max/Min of the antioxidants and ultraviolet absorbers were 1.8-4.7, thus, the sensitivity may vary depending on the columns.
Conclusions
In this study, ninety-six kinds of additives used for food contact plastics, which have various chemical properties, were analyzed by GC/MS using fifteen kinds of nonpolar capillary columns. These columns were categorized into five classes based on their chromatogram patterns and the degree of peak separation. This study suggests that the performance of most non-polar capillary columns is equivalent. Therefore, it is implied that all of the columns used in this study may be applicable in the identification of the additives used in food contact plastics. However, the RRTs of additives detected during the holding period of the column temperature control program varied depending on the type of column.
The detection sensitivity for certain antioxidants or ultraviolet absorbers may vary depending on the type of column used in the analysis. Thus, it is suggested that the sensitivities or limits of detection should be confirmed in the analysis of these additives. Moreover, certain additives such as fatty acids and some antioxidants, two plas- ticizers, and two benzophenone type ultraviolet absorbers could not be detected using some columns. Judicious selection of the column used for analysis of these additives is thus recommended.
